Ephedra plants are taxonomically classified as gymnosperms, and are medicinally important as the botanical origin of crude drugs and as bioresources that contain pharmacologically active chemicals. Here we show a comparative analysis of the transcriptomes of aerial stems and roots of Ephedra sinica based on high-throughput mRNA sequencing by RNA-Seq. De novo assembly of short cDNA sequence reads generated 23,358, 13,373, and 28,579 contigs longer than 200 bases from aerial stems, roots, or both aerial stems and roots, respectively. The presumed functions encoded by these contig sequences were annotated by BLAST (blastx). Subsequently, these contigs were classified based on gene ontology slims, Enzyme Commission numbers, and the InterPro database. Furthermore, comparative gene expression analysis was performed between aerial stems and roots. These transcriptome analyses revealed differences and similarities between the transcriptomes of aerial stems and roots in E. sinica. Deep transcriptome sequencing of Ephedra should open the door to molecular biological studies based on the entire transcriptome, tissue-or organ-specific transcriptomes, or targeted genes of interest.
Introduction
Ephedra is one of the oldest medicinal plant genera known to mankind [1] [2] [3] . This genus belongs to the Ephedraceae family of gymnosperms, and about 50 Ephedra species are indigenous to areas in Asia, Europe, North Africa, and the Americas. The aerial stems of Ephedra plants have been utilized as a crude drug preparation known as ephedra herb (Ephedrae Herba), used mainly for treatment of bronchitis and bronchial asthma, or to induce perspiration and blood pressure elevation. Ephedra herb is particularly used in traditional Oriental medicines; it is well known as má huáng in traditional Chinese medicine (often abbreviated to TCM), and is frequently used in Japanese Kampo medicine, often as one component of a combined drug formulation. The ingredients mainly associated with the unique pharmacological and biological effects of ephedra herb are ephedrine alkaloids [e.g. (−)-ephedrine; (− )-N-methylephedrine] [1] . Since the first isolation of an ephedrine alkaloid in 1887 by Professor Nagayoshi Nagai, the founder of pharmacy in Japan, these alkaloids have been studied around the world. Ephedrine alkaloids are primarily localized in the aerial stems of several Ephedra species as their principal metabolites (e.g., E. sinica, E. intermedia, E. equisetina) [4] [5] [6] . Pharmacologically, ephedrine alkaloids are a sympathomimetic agonist at α/β-adrenergic receptors, resulting in bronchodilation (β 2 ), enhanced cardiac rate and contractility (β 1 ), and peripheral vasoconstriction (α 1 ). The biosynthetic pathway of these alkaloids has been studied; the route primarily from L-phenylalanine has been chemically and biochemically summarized, although several of the reaction steps have been predicted in hypothetical pathways [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The underground roots of Ephedra plants have also been utilized as a crude drug preparation known as ephedra root (Ephedrae Radix). Interestingly, it is well known that ephedra root has hypotensive activity, which is the opposite pharmacological effect of ephedra herb. This hypotensive property is thought to be derived from several unique metabolites contained in Ephedra roots: ephedradines A-D [17] [18] [19] [20] ; ephedrannin A [21] ; mahuannin A-D [22] [23] [24] ; and feruloylhistamine [25] , which were isolated by monitoring the hypotensive activity of Ephedra root extract. The hypotensive activities of ephedradine B and feruloylhistamine analogues have been a particular focus of pharmacological study [26, 27] . In addition, maokonine [28] , ephedrannin B [29] , and mahuannin E [29] have also been isolated from Ephedra roots.
Although maokonine displays weak hypertensive activity, the primary pharmacological effect of ephedra root is still hypotensive. In this way, due to the importance of Ephedra plants as medicinal resources, our understanding of their biological, pharmacological, chemical, and taxonomic properties has progressed through interdisciplinary studies.
The genetic and genomic features of Ephedra species, from the viewpoint of molecular biology, have been elucidated gradually. For example, during studies of ephedrine alkaloid biosynthesis, a pal gene of E. sinica involved in the primary step of the biosynthetic pathway was cloned and characterized [14] . In a further study, mRNA in aerial stems of E. sinica (Es_S) was comprehensively sequenced and the gene candidates potentially involved in biosynthesis of amphetamine-type alkaloids including ephedrines were profiled [7] . Based on this study, two aromatic aminotransferases of E. sinica were characterized [30] . In other studies, the sequences of internal transcribed spacer 1 region of the nuclear ribosomal DNA, 18S ribosomal RNA gene, and chloroplast DNA were used to describe the taxonomy of Ephedra plants (e.g., [31] [32] [33] ). Furthermore, the chloroplast genomic sequences of E. foeminea was totally analyzed, and new plastid markers for phylogenetic purposes were suggested by comparison with the sequences of E. equisetina [34] . Thus, RNA and DNA sequences of Ephedra species have been effectively used for targeted studies.
In this study, the comparative analysis between two transcriptomes in Es_S and roots of E. sinica (Es_R) by a high-throughput mRNA sequencing using a Genome Analyzer IIx (Illumina, CA, USA) is mainly presented. The mRNAs of Es_S and Es_R were separately sequenced and the sequence data were comprehensively analyzed using bioinformatics approaches. Our comparative transcriptome analysis of Es_S and Es_R focused in particular on molecular biological annotation of de novo sequences and quantitation of gene expression levels. Namely, this comparative study was performed to more comprehensively understand an Ephedra plant as a biological system by deep transcriptome analysis.
Materials and methods

High-throughput mRNA sequencing
The seeds of E. sinica were germinated in moistened vermiculite, sand, and small stones (5:5:1) in daylight at ca. 25°C/10°C in a greenhouse, improving upon the methods previously reported by our group [14] . E. sinica was grown until the plan had generated aerial stems with 4-5 joints.
Es_S and Es_R were collected separately and their mRNAs were sequenced individually. Total RNAs were extracted using RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and the quality of samples for high-throughput mRNA sequencing were confirmed using the Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA) with the Agilent RNA 6000 Pico Kit (Agilent Technologies) (Fig. S1 ). The sequencing samples were prepared using the mRNA-Seq Sample Preparation Kit (Illumina, CA, USA) and PE adaptors were ligated onto cDNA ends. The single read-cDNA clusters on a flow cell for sequencing were generated using cBot (Illumina). Sequencing was performed using a Genome Analyzer IIx (Illumina) with the single-read method using 36-cycle sequencing. Sequencing of each Es_S and Es_R sample was performed twice. The short sequence reads obtained from these RNA-Seq experiments were registered in the DDBJ BioProject database (PRJDB3343).
Bioinformatics analysis
The RNA-Seq reads in fastq format were assembled using the Rnnotator program [35] and contig sequences were output in fasta format. Searches by blastx query with an E-value cutoff of 1E-6, GO mapping, and annotation by EC and IPR numbers were performed for Es_S, Es_R, and combined Es_S and Es_R (Es_SR) contigs continuously using the Blast2GO program [36] [37] [38] . The method for quantitation of gene expression levels in the aerial stems and roots is summarized in Fig. 1 . In this expression analysis, mapping of short sequence reads in fastq format of Es_S and Es_R to Es_SR contigs was performed using TopHat [39] . The gene expression levels in the Es_S and Es_R transcriptomes were quantified by using Cufflinks software, and the abundances of expressed genes were calculated as expected fragments per kilobase of transcript per million fragments mapped (FPKM) [40] . The differential gene expression levels of the Es_SR combined transcriptomes in Es_S and Es_R were quantified using Cuffdiff in the Cufflinks program [41] . The significance of the abundance of an expressed gene was determined by the false discovery rate b 5% (q value b 0.05).
Results
High-throughput sequencing of mRNA from Es_S and Es_R and de novo assembly
Total mRNA from both Es_S and Es_R was sequenced using a Genome Analyzer IIx (Illumina) for RNA-Seq [42, 43] (Table 1) . Two independent technical replicates were performed for sequencing both Es_S and Es_R. A total of 6.4 × 10 7 reads from Es_S and 6.3 × 10 7 reads from Es_R were acquired. De novo assembly was performed using Rnnotator software [35] and cDNA contigs were generated from Es_S, Es_R, and Es_SR. The cDNA contigs over 200 bases that we identified included a total of 23,358 contigs from Es_S, 13,373 contigs from Es_R, and 28,579 contigs from Es_SR.
BLAST searches of contig sequences
To find amino acid sequences encoded by mRNA of E. sinica similar to those of other sequences, cDNA contigs longer than 200 bases from Es_S, Es_R, and Es_SR were analyzed using blastx program, which compares a nucleotide query sequence translated in all reading frames to a protein sequence database. A blastx search was performed against the public protein database Swiss-Prot, which consists of manually annotated and reviewed proteins and amino acid sequences in the UniProt Knowledgebase (UniProtKB; http://www.uniprot.org/uniprot/). As a result, 49.8% (11, 643) , 55.5% (7428), and 48.7% (13,925) of the Es_S, Es_R, and Es_SR contigs were annotated with known gene functions, respectively. The minimum E-values (Table S1 ) and the percentages of mean similarity (Table S2 ) distributions of the Es_SR contigs were summarized and displayed in a single figure (Fig. S2) . Over 80% of the Es_SR contigs were concentrated in the ranges of E-values not over 8.67E-14 and similarity over 55%. The species of the sequences highest hits by blastx search are also statistically summarized (Table 2) . Indeed, as one might expect, approximately half of the highest matches annotating the Es_SR contigs were genes from Arabidopsis thaliana (51.69%), and the percentages of species annotating the other contigs were b7.16%.
Classification of contigs by gene ontology
The contigs annotated by blastx search were then classified by gene ontology (GO) covering the three functional categories of molecular function, biological processes, and cellular component [44] . All GO terms annotating the gene products of these contigs were remapped using 'GO slims' [45] , which are smaller and more manageable subsets of GO, to reduce the large numbers of original GO terms assigned to these contig sequences. As a result, 95.7% (11, 138) , 97.0% (7198), and 95.8% (13,334) of Es_S, Es_R, and Es_SR contigs, respectively, that had been annotated by blastx search could also be classified by GO terms (Table 3) . Comparison of results for Es_S and Es_R contigs classified based on three GO categories are also shown in Table 3 . In the transcriptome of E. sinica, there is little difference in the percentages of GO terms assigned to contigs of Es_S or Es_R.
Classification of proteins and domains encoded by contigs based on enzyme commission (EC) numbers and the InterPro database
EC numbers comprehensively categorize catalytic enzymes based on the six main classes (EC 1-6) of similar enzymatic reactions [46] . In the present study, the amino acid sequences encoded by the Es_S, Es_R, and Es_SR contigs were annotated with EC numbers. As a result, EC numbers were assigned to 14.7% (3444), 18.5% (2470), and 14.2% (4053) of Es_S, Es_R, and Es_SR contigs, respectively.
The protein domains encoded by Es_S, Es_R, and Es_SR contigs were also classified using information from the InterPro (IPR) database (The European Molecular Biology Laboratory-European Bioinformatics Institute) organized by the several institutions that make up the consortium [47] . Protein domain predictions were performed using InterProScan [48] . Consequently, 77.0% (17,984), 81.0% (10, 830) (Fig. 1) . The sequence reads from Es_S and Es_R were mapped onto Es_SR contigs using the TopHat program [39] . Subsequently, gene expression levels of Es_S and Es_R were quantified using the Cufflinks program [40] , and the differential levels of gene expression in Es_S and Es_R were quantified using Cuffdiff in the Cufflinks program [41] . We found that 4.1% (1170) and 3.8% (1085) of the 28,579 contigs from Es_SR were significantly expressed in Es_S and Es_R, respectively (Fig. 2) . To characterize these significantly expressed genes, the enzymatic functions of the encoded proteins were classified based using EC (Fig. 3) and IPR (Table 4) numbers annotated to contigs.
The numbers of EC numbers annotated to differentially expressed genes from Es_S and Es_R were roughly the same (219 and 229, respectively) (Fig. 3A) . Genes (69 contigs) encoding EC 3 (hydrolases) were highly expressed in Es_S compared to Es_R (38 contigs) (a 1.8-fold difference) (Fig. 3A-C) . In particular, genes encoding the EC 3.1.3.x enzymes (phosphoric monoester hydrolases) were characteristically expressed in Es_S. For example, for x = 2, the enzyme is acid phosphatase; if x = 4, the enzyme is phosphatidate phosphatase; if x = 11, the enzyme is fructose-bisphosphatase; if x = 37, the enzyme is sedoheptulose-bisphosphatase; and if x = 46, the enzyme is fructose-2,6-bisphosphate 2-phosphatase. EC 3.1.3.11, EC 3.1.3.37 and EC 3.1.3.46 are involved in saccharide metabolism, and EC 3.1.3.11 and EC 3.1.3.37 are related to the metabolic pathway for carbon fixation by photosynthesis in aerial parts. Moreover, the genes encoding EC 5 (isomerases) (9 contigs) were highly expressed in Es_S, including: EC 5.2.1.8, peptidylprolyl isomerase; EC 5.3.3.2, isopentenyl-diphosphate Δ-isomerase; EC 5.4.99.7, lanosterol synthase; and EC 5.4.99.8, cycloartenol synthase (Fig. 3A, D) . On the other hand, genes encoding EC 1 (oxidoreductases) enzymes (108 contigs) were highly expressed in Es_R compared to Es_S (58 contigs) (a 1.9-fold difference) (Fig. 3A,  E, F) . The number of contigs encoding EC 1.11.1.7 (peroxidase) was particularly elevated in Es_R (4.4-fold) compared to Es_S.
IPR functional terms, which are coordinated with IPR numbers, were also assigned to Es_SR contigs, and 574 and 475 terms were annotated to the contigs of genes significantly expressed in Es_S and Es_R, respectively. Additionally, 426 and 216 terms were specifically annotated to Es_S and Es_R, respectively, and 180 terms were annotated to both Es_S and Es_R. The top-10 ranking of IPR functional terms according to the number of annotated contigs is listed in Table 4 . 
Discussion
High-throughput mRNA sequencing by RNA-Seq technique has enabled deep transcriptome analysis of many kinds of organisms. In this study, transcripts from E. sinica were comprehensively sequenced and the transcriptomes of aerial stems and roots were comparatively analyzed.
Es_SR contigs longer than 200 bases totaled about 28,000, and were generated by de novo assembly of short sequence reads from both Es_S and Es_R (Table 1 ). Comparing contigs from both types of plant parts, there were 1.7-fold more Es_S contigs than Es_R contigs (23, 358 , and 13,373 contigs, respectively). This result suggests more active metabolism in aerial stems than in roots (e.g., photosynthesis). In a blastx search against the Swiss-Prot database, ca. 50% of contigs were annotated by various encoded protein functions. BLAST results were statistically analyzed ( Table 2 , S1, S2, and Fig. S2 ) and most of these contigs could be classified using GO slims (Table 3) . Interestingly, the percentages of assigned GO slims were similar between Es_S and Es_R contigs. This result suggested that although gene expression in aerial stems was relatively more active than that in roots, the overall diversity of functions expressed in each organ was very similar in a view of the broader functional categorization achieved using GO. Actually, only about 8% (Fig. 2) of genes exhibited a significant difference in expression level between Es_S and Es_R. Thus, the metabolic diversity and differences between these plant parts might be controlled by the expression of relatively few genes specific to each plant organ.
In the present study, differences in categories of expressed genes could be considered in detail using bioinformatics analysis of sequence reads (Fig. 1) . The encoded protein functions of genes expressed in Es_S and Es_R were assigned to contigs according to EC and IPR numbers (Fig. 3, Table 4 ). For example, contigs encoding chlorophyll a/b binding proteins (IPR023329 and IPR022796) were specifically identified from among Es_S contigs (Table 4 ). The chlorophyll a/b binding protein is part of the light-harvesting complex, a light receptor that captures and delivers excitation energy to photosystems I and II via chlorophylls a/b [49, 50] . This result was closely related to the result from comparing Es_S and Es_R using EC numbers, which specifically identified EC3.1.3.11 and EC3.1.3.37, which are involved in photosynthesis, in Es_S (Fig. 3B) . Interestingly, the contigs encoding thiolase-like domains (IPR016038 and IPR 016039) were identified in Es_S contigs (Table 4 ). In the biosynthetic pathway of ephedrine alkaloids, a thiolase is presumed to catalyze the biosynthesis of benzoyl-CoA from 3-oxo-3-phenylpropionyl-CoA in a β-oxidative CoA-dependent route [7, 12, 14] . This assumption about the biosynthetic route agrees with the accumulation of ephedrine alkaloids in aerial stems of Ephedra plants.
Conclusions
In conclusion, the transcriptome of an Ephedra plant is analyzed using deep RNA-Seq and bioinformatics, focusing on a comparative analysis of gene expression in aerial stems and roots. The results of the present study will form a molecular biological basis for other research, such as evaluating various qualities of medicinal resources, distinguishing species and cultivars, and biosynthesizing specific accumulated metabolites. It is hoped that this study and further research will contribute to the useful and sustainable application and efficient cultivation of Ephedra plants as medicinal bioresources, and also promote their survival in their natural settings.
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